The magnetic moments of baryon decuplet are studied in vacuum as well as in the symmetric nuclear matter at finite temperature using a chiral SU(3) quark mean field model approach. The contributions coming from the valence quarks, quark sea and the orbital angular momentum of the quark sea have been considered to calculate magnetic moment of decuplet baryons. The decuplet baryon masses decrease, whereas, the magnetic moments increase significantly with the rise of baryonic density of the symmetric nuclear medium. This is because of the reason that constituent quark magnetic moment and the quark spin polarizations show considerable variation in the nuclear medium especially in the low temperature and baryonic density regime. The increase is however quantitatively less as compared to the case of octet baryon members. * Electronic address:
I. INTRODUCTION
The study of fundamental baryonic properties has been a major topic in particle physics from decades. The static properties of baryons such as magnetic moments, charge radii, form factors etc. have central importance for the study of internal structure of baryons. Magnetic moment is one of the important structural properties which gives better insight into baryon structure and can provide valuable understanding of mechanism of strong interaction at low energies, i.e., in the non perturbative regime of QCD (Quantum Chromo Dynamics) [1] .
Since Coleman and Glashow [2, 3] predicted the magnetic moments of baryon octet, a lot of progress has been observed in both the theoretical paradigm and experimental verification for the study of baryon magnetic moments [4] . The magnetic moments of octet baryons in free space have been widely studied in different theoretical frameworks [5] [6] [7] [8] [9] [10] [11] . On the experimental side seven of octet baryon magnetic moments are measured with around 1% accuracy, whereas, the transition magnetic moment for Σ 0 → Λ is known within 5% precision [12, 13] .
However, for decuplet baryons the situation is quite different. Although the masses, decay aspects and other physical observables of some decuplet baryons are measured successfully, the magnetic moments of many decuplet baryons are yet to be determined [14, 15] . The main reason behind this is the very short lifetime of most of decuplet baryons. The baryon Ω − is an exception because of its substantially longer lifetime. There has recently been a renewed interest in experimental calculation of decuplet baryon magnetic moments. For example, the magnetic moment of Ω − [16, 17] and ∆ 2+ has been measured experimentally [18] . Also, the magnetic moment of baryon N * (1535) will be studied at the experiments at Mainz Microtron (MAMI) [19] [20] [21] [22] and Jefferson Lab [23] . An effort to measure the magnetic moment of ∆ + has also been realized at MAMI.
On theoretical basis, the decuplet magnetic moments have been initially studied in nonrelativistic simple quark model, which was further improved by including quark sea contribution [24] , SU(3) symmetry breaking effects [25] [26] [27] and orbital angular momentum of quarks [28] . Later on the concept of effective mass to calculate magnetic moments of baryon magnetic moments was introduced in Ref. [29] . In the recent studies, the decuplet magnetic moments have been predicted in models like relativistic quark model [30, 31] , QCD sum rule [32] [33] [34] , light cone QCD sum rule [35] , Skyrme model [36, 37] , effective mass scheme [38, 39] , chiral perturbation theory [40, 41] , chiral quark soliton model [42] [43] [44] , lattice QCD [45] [46] [47] [48] etc.
The study of medium modification of the baryonic properties is gaining interest day by day because of its importance for astrophysical studies and heavy ion collision studies. The experimental facilities such as FAIR at GSI Germany [49, 50] [55] . However, the dependence of magnetic moments of baryon decuplet members on baryonic density at finite temperature of nuclear medium has not been discussed in the available literature. The medium modification of octet baryon magnetic moments was studied in Refs. [56, 57] using quark meson coupling model and modified quark meson coupling model. We have used the chiral SU(3) quark mean field model to calculate magnetic moments of baryon octet members in symmetric nuclear matter and asymmetric nuclear matter at finite temperature [58, 59] . The thermodynamic consistency of mean field models make them reliable for calculation of in-medium baryonic properties [60] . In the light of above developments, the study of magnetic moments of decuplet baryons in mean field approximation method by including quark degrees of freedom in hot and dense nuclear medium will be quite interesting and is the main goal of the present work.
The study of medium modification of decuplet magnetic moments can be an important step forward in the exploration of behavior of structural properties of resonance particles in the presence of the nuclear medium. In section II, we briefly outline the model used to calculate in-medium decuplet baryon magnetic moments. In section III, we present the numerical calculations and results. The summary of present study is given in section IV.
II. DECUPLET BARYONS IN SYMMETRIC NUCLEAR MATTER
In order to investigate medium modified magnetic moments of decuplet baryons we use the idea of chiral quark model [61, 62] . The chiral quark model not only include the effects of quark confinement and chiral symmetry breaking but allows the use of effective quark masses in place of constituent quark masses. The chiral quark model advocates the existence of Goldstone bosons (GBs), generated from the valence quarks. The GB thus generated is further splits into quark-antiquark pair and leads to generation of quark sea [63] [64] [65] . The constituent quark wave function of chiral quark model gets perturbed because the valence quarks undergo chromodynamic spin-spin forces. Hence, the total magnetic moment of decuplet baryon consists of contributions from valence quarks and quark sea and hence given as [66, 67] 
where µ val B is the contribution from valence quark given as
In above, ∆q val is the valence quark polarization which can be calculated as done in [67] and 
The contribution from quarks in the quark sea is written as
The sea quark polarization ∆q sea is calculated in terms of symmetry breaking parameters ε, ̟ and τ . For example, in case of ∆ 2+ the quark sea polarizations for different quark flavors are given as [67, 68] ∆u sea = −a 6 + 3ε 2 + ̟ 2 + 2τ 2 , ∆d sea = −3a,
The details of symmetry breaking parameters and the constant 'a' can be found in our recent work in [58] , where we calculated these parameters for octet baryons. The symmetry breaking parameters are found to get modify in the nuclear matter, leading to medium modification of quark sea polarizations. The contribution from orbital angular momentum of quark sea is written as
The transition magnetic moments (µ(q + →)) are essentially the same as in [58] . These transition magnetic moments also get modified in the nuclear medium.
The mass adjusted magnetic moments of constituent quarks appering in eq. (1) are given as [69] [70] [71] 
changes in baryonic density and temperature of the medium. In eq. (8), < p * 2 i cm > is the spurious center of mass motion [58, 76, 77] .
III. NUMERICAL RESULTS
In this section we present the results of our calculations of masses and magnetic moments of decuplet baryons at different baryonic densities and/or temperature of the symmetric nuclear medium. In fig. 1 , we have plotted the medium modified decuplet baryon masses (M * B , B = ∆, Σ * , Ξ * , Ω) versus baryonic density of the nuclear medium at different temperatures (0, 50, 100 and 150 MeV). We find that at a given temperature, with the increase in baryonic density of the medium, the decuplet baryon members show a decrease in their effective masses. The non-strange baryons show very large decrease in their masses for the baryonic densities ranging from ρ B = 0 to ρ B = 2ρ 0 . However, for baryonic densities more than 2ρ 0 , the decrease in effective masses becomes slow. On the other hand, in the case of strange baryons at given temperature, the decrease in effective baryon masses with the increase of density is small as compared to non-strange baryons especially in low density region.
For example, the ∆ baryons show a decrease of 29% in their effective masses as compared to their vacuum masses with the increase of baryonic density from ρ B = 0 to ρ B = ρ 0 at zero temperature. In case of Σ * , Ξ * and Ω baryons there is a decrease of 21.3%, 15.1% and 10% in the respective effective masses as compared to their vacuum masses. Further, at zero temperature, for the increase of density from ρ 0 to 2ρ 0 , the percentage decrease in baryon masses are found to be 22%, 11%, 7% and 4.7% for ∆, Σ * , Ξ * and Ω baryons, respectively.
In fig. 1 one can see that for given temperature of the medium, for densities more than 2ρ 0 , M * ∆ shows a small decrease and M * Σ * and M * Ξ * show very small decrease, M * Ω becomes almost constant and shows very small increase for densities more than 4ρ 0 . This can be understood in terms of the fact that effective masses of decuplet baryons depend on effective masses of their constituent quarks which in turn depend on scalar meson fields σ and ζ. The behavior of meson fields in the chiral SU(3) quark mean field model, with the increase of baryonic density and for given temperature of medium has been thoroughly discussed in [58] . It was observed that the σ meson field couple strongly to the u and d quarks and ζ meson field couple to the strange quark. Further, at given temperature, the magnitude of σ meson field shows a rapid decrease with the increase of baryonic density of the medium, whereas, the magnitude of ζ meson field shows a very slow decrease with the increase of baryonic density.
For densities more than 4ρ 0 , the magnitude of ζ field shows an increase, which is due to deconfinement phase transition at these densities [78] . As strange quark's effective mass depends only on ζ meson field because of absence of coupling between strange quarks and σ field, hence, the effective mass of strange quark decreases upto 4ρ 0 and then shows a small increase. Therefore, the effective mass of Ω baryon shows an increase for baryonic density more than 4ρ 0 at given temperature of the nuclear medium.
Comparing the increase and/or decrease of medium modified masses of decuplet baryons and octet baryons (calculated in [58] ) as a function of baryonic density, at given temperature of the medium, we find that decuplet baryons with same quark content as that of octet baryon members show a small decrease in their effective masses as compared to the case of their corresponding octet baryon members. For example, at zero temperature, with the increase of baryonic density from zero to the nuclear saturation density, the nucleons show a decrease of 41% in their effective masses as compared to their vacuum mass, whereas, ∆ baryons with same quark content show a decrease of 29%. This is due to increased spin energy 'E spin ' contribution to the effective baryon mass in case of decuplet baryons leading to less contribution from increasing and/or decreasing effective masses of constituent quarks to the effective masses of decuplet baryons.
One can also observe that, at given baryonic density, the effective masses of baryons
show an increase as a function of temperature of the medium. For example, at ρ B = 0, effective mass of ∆, Σ * , Ξ * and Ω baryons increase by 5 MeV, 9 MeV, 13 MeV and 16 MeV, respectively, for the rise of temperature from 0 to 100 MeV. This shows that at zero baryonic density, with the rise of strangeness content of the decuplet baryon, the effective mass of baryon shows an increase as a function of temperature of the medium.
On the other hand, at nuclear saturation density, with the increase of temperature from 0 to 100 MeV, the effective masses of ∆, Σ * , Ξ * and Ω baryons increase by 80.7 MeV, 69
MeV, 58 MeV and 43 MeV, respectively. This shows that the effect of rise of temperature on effective mass of non-strange decuplet baryons is more prominent at finite baryonic density as compared to the case of ρ B = 0, whereas, at finite baryonic density, the strange baryons shows less increase in their effective masses as a function of temperature of the medium as compared to non-strange baryons.
Henceforth we discuss the results for in-medium magnetic moments of decuplet baryons.
In fig. 2 to those obtained through Large-N c approach in [84] and χCQM model approach used in [69] . The present results are very close to those obtained in Ref. [69] , however, with the exceptions of µ * Σ * − and µ * Σ * 0 . The χCQM using constituent quark masses has been used to calculate vacuum magnetic moments of decuplet baryons in Ref. [69] In order to explore the effect of temperature on the magnetic moments more thoroughly,
we have plotted the effective magnetic moments of baryons as a function of temperature at ρ B = 0, ρ 0 , 2ρ 0 and 4ρ 0 in fig. 3 . In the high baryonic density range, the effective values of magnetic moment of baryons show a negligible change as a function of temperature as compared to that in the lower baryonic density range. This is due to eqs. (4) and (7) which show that the effective magnetic moment of baryons are inversely proportional to the medium modified values of respective baryon masses. At ρ B = 0, the effective baryon masses remain almost same with the rise of temperature upto critical temperature as they are affected by the variation of thermal distribution functions of nucleons of the medium on the self energy of constituent quarks only, leading to decrease in the effective baryon masses, and hence, increasing the effective magnetic moment of baryons. However, in the baryonic medium (finite densities), the higher momentum states also starts contributing in opposite sense, and hence, the effective magnetic moments start decreasing [86] . Further, in the higher density regime (4ρ 0 or more) and higher temperature, because of the second order phase transition, the effective magnetic moment of baryons become insensitive to the variation in effective mass of baryons. This observation is further justified by those expected for octet baryons in Ref. [58] using the same chiral SU(3) quark mean field model and [56] using modified quark meson coupling model.
IV. SUMMARY
To summarize, we have investigated the effect of baryonic density and temperature of the nuclear medium on the decuplet baryon masses as well as magnetic moments using the chiral SU(3) quark mean field model. The non-strange baryons show a significant decrease with the rise of baryonic density of the nuclear medium especially in the low density regime. At ρ B = 0, with the rise of temperature, the effective masses of non-strange decuplet baryons show a small increase from their vacuum values as compared to strange baryons. However, at finite densities the non-strange baryons show comparatively large increase in effective masses as compared to strange baryons.
Considering the baryonic magnetic moments to consist of contributions from valence quarks, quark sea and orbital angular momentum of the quark sea, we find that contribution from valence quarks and orbital angular momentum of quark sea are of the same sign, whereas the quark sea effect provides contribution of opposite sign. It is interesting to observe that the orbital angular momentum of quark sea contributes significantly to the magnetic moment particularly at low baryonic densities of the medium. However, for a given temperature and at higher densities, the opposite contribution from orbital angular momentum part of quark sea becomes very small.
The rise of temperature of the nuclear medium decreases the effect of baryonic density on the magnetic moment of baryons. The strange baryons show very slow variation in their magnetic moments as a function of baryonic density and/or temperature as compared to those of baryons with zero strangeness content. This is due to the dependence of baryonic magnetic moments on in-medium strange quark mass, which shows very slow variation in symmetric nuclear matter. Further, for baryonic densities 4ρ 0 or more the magnetic moments of baryons hardly show any variation as a function of temperature indicating second order phase transition at higher densities [87] .
The results for vacuum as well as in-medium magnetic moments of decuplets can be further improved by considering the effects from relativistic exchange currents [88] , pion cloud contributions [89] and the effects of confinement [70] at LHC.
